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IMPLICIT UNFACTORED IMPLEMENTATION OF
TWO-EQUATION TURBULENCE MODELS IN
COMPRESSIBLE NAVIER-STOKES METHODS
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SUMMARY

An implicit unfactored method for the coupled solution of the compressible Navier—Stokes equations
with two-equation turbulence models is presented. Both fluid-flow and turbulence transport equations are
discretized by a characteristics-based scheme. The implicit unfactored method combines Newton subiter-
ations and point-by-point Gauss—Seidel subrelaxation. Implicit-coupled and -decoupled strategies are
compared for their efficiency in the solution of the Navier—Stokes equations in conjunction with low-Re
two-equation turbulence models. Computations have been carried out for the flow over an axisymmetric
bump using the k—e and k—w models. Comparisons have been obtained with experimental data and
other numerical solutions. The present study reveals that the implicit unfactored implementation of the
two-equation turbulence models reduces the computing time and improves the robustness of the CFD
code in turbulent compressible flows. © 1998 John Wiley & Sons, Ltd.

KEY WORDS: compressible turbulent flows; implicit solver; characteristics-based method; low-Re two-equation turbu-
lence models

1. INTRODUCTION

Development of new accurate and efficient CFD solvers for turbulent compressible flows is a
subject of continuous interest. Even though many years of extensive research has been
performed to develop new Navier—Stokes solvers, the computation of turbulent flows still
remains a challenging problem. Inaccurate solutions of turbulent flows are due to turbulence
modeling issues, but lack of robustness is mainly due to their numerical implementation.

In the past, algebraic turbulence models have been used as a quick way to extend a code
from laminar to turbulent flows. Use of these models has been motivated by their simplicity
and marginal numerical stiffness. However, experience has shown that in most cases, such
crude modeling of turbulence did not provide satisfactory results. Most of the problems arise
due to the local formulation of the models that neglects memory effects and the ambiguity to
determine length scales of complex flows. Low-Re two-equation models seem to offer the best
balance between accuracy and computational cost. The k—e model [1,2] is one of the most
popular two-equation turbulence models and in the past, the model has been used in
conjunction with wall-functions for a variety of flows [1,3-5]. However, the model exhibits
numerical stiffness and inaccuracies when applied to near-wall turbulent flows as well as
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74 G. BARAKOS AND D. DRIKAKIS

separated flows [3]. Various versions of the k—e model have been proposed in order to improve
the accuracy of the model in various flow cases [3—5]. An alternative to the k—e model, which
has also received considerable attention, is the k—w model by Wilcox [6,7]. In the past, this
model has been implemented in several flow cases by other authors [8,9].

The lack of numerical stability and robustness of low-Re number turbulence models is due,
most of the time, to their numerical implementation. This numerical stiffness is also one of the
main reasons for sometimes retracting the use of such models in an industrial environment. In
the case of two-equation models, the turbulent kinetic energy is introduced in the Navier—
Stokes equations and this has to be accounted for in the total energy budget. This may have
no effect on the accuracy of the numerical solution, especially in subsonic and transonic flows,
but it contributes to the Jacobian and eigenvector elements of the matrices in the implicit part
of the equations. Further implications also arise from the treatment of the non-conservative
source terms that dominate the formulation of all two-equation turbulence models. Most
researchers implement low-Re turbulence models in a decoupled manner, according to which,
the Navier—Stokes equations are firstly solved, and then the two turbulence equations are
sequentially integrated in order to update the turbulent eddy viscosity [10—12]. Such proce-
dures have been extensively used due to the little effort required to implement turbulence
models into Navier—Stokes solvers; resulting, however, in slow numerical convergence. This
deficiency is more severe when finer grids in the near-wall region are used.

Recently, the implicit-coupled solutions of the turbulence models and Navier—Stokes
equations have attracted the interest of the CFD community [13,14]. Gerolymos and Vallet
[13] have implicitly implemented the Launder—Sharma k—e model using a fully coupled,
approximately factored, implicit backward Euler method. They applied the method for a
transonic flow with shock—boundary layer interaction and found that the method was robust
and stable for Courant—Friedrichs—Lewy (CFL) numbers up to 50. Lin et al. [14] also
presented an implicit-coupled solution of the Navier—Stokes equations in conjunction with
Chien’s k—e model using a biconjugate gradient method with a preconditioner of incomplete
lower-upper factorization. The conclusion of their study was that the biconjugate gradient
(Bi-CGSTAB) method was more efficient than other variants of the Bi-CG method.

Implicit unfactored methods [15] based on Newton subiterations and Gauss—Seidel relax-
ation (IUNGS) have not yet been extended to turbulent flows coupled with low-Re two-equa-
tion models. IUNGS methods have so far been used for Euler [15,16] or Navier—Stokes
simulations in conjunction with algebraic turbulence models [17—-19]. In these studies, it has
been shown that high CFL numbers can be obtained by IUNGS methods, while the numerical
solution is less sensitive to the choice of the time step than the approximate factorization
methods. Moreover, past studies [17,18,20] have shown that the combination of IUNGS with
characteristics-based methods results in efficient CFD codes for both serial and parallel
computations [21,22]. Therefore, the extension of IUNGS methods to turbulent flows in
conjunction with low-Re two-equation models is worth investigating and this is the aim of the
present study.

The objectives of this work are: (i) to extend an implicit unfactored method to the solution
of the Navier—Stokes coupled with two-equation models (henceforth labeled implicit-coupled);
(i1) to develop a characteristics-based discretization (Riemann solver) for the inviscid terms of
the coupled system of equations; (iii) to investigate the efficiency of the implicit-coupled
method in contrast to other numerical approaches based on the decoupled solutions of the
fluid flow and turbulence equations; (iv) to implement all the above for the k—€ and k-w
models and to present comparisons for the solutions against experimental and numerical
results from the literature. The paper is organised as follows: in Section 2 the governing
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IMPLEMENTATION OF TWO-EQUATION TURBULENCE MODELS 75

equations, turbulence models, characteristics-based method and implicit unfactored scheme are
presented; in Section 3 the results of the present study are presented for a transonic flow case
with shock/boundary layer interaction induced separation; finally, in Section 4, conclusions
from the present work are drawn.

2. MATHEMATICAL MODELING

2.1. Governing equations

The compressible Navier—Stokes equations in conjunction with the differential equations for
the two-equation turbulence model have been employed. The system of equations in curvilin-
ear co-ordinates is written as

oU J0E oG 0R 0S

E—F%—Fafé,—% 67{+H¢+HA, (1

where U is the six-component vector of the conservative variables

U=J(p, pu, pw, e, pk, p$)’, (2

where p is the density; u and w are the velocity components in the x- and z-directions,
respectively; e is the total energy of the fluid per unit volume and k is the turbulent kinetic
energy. The variable ¢ denotes the isotropic turbulent dissipation, €, or the specific turbulence
dissipation rate, w, if the k—e or the k—w model is employed, respectively.

The inviscid (E, G) and viscous (R, S) fluxes are written as

E=J(E¢ + GE), G=J(EC, + GL),
R=J(R¢ +8¢.), S=JR(, + S,

where the fluxes with a ‘tilde’ refer to the Cartesian co-ordinate system. The inviscid flux
vectors, £ and G, and the viscous flux vectors, R and S, are given by
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The source term, H ,, accounts for axisymmetric flow problems [23] and is given in Section 2.5,
while the source terms, H,, for the k—€ and k—w turbulence models are given in Section 2.2.
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The total energy per unit volume e includes the specific internal energy i, the kinetic energy
of the fluid as well as the turbulent kinetic energy k

1
e=pi+§p(u2—|—w2)+pk. (6)

The pressure, p, is calculated by the perfect gas equation of state, p = pyi, where y is the ratio
of specific heats, while the heat fluxes, ¢; have been modeled according to Fourier’s law.

In turbulent flows, the stress tensor 7, is obtained by the sum of the viscous (l_[j) and
Reynolds stresses (7

ty=t;+ 1} 7
Within the framework of linear eddy viscosity models, the Boussinesq approximation is used
to calculate the Reynolds stresses.

2.2. Turbulence modeling

Low-Re eddy viscosity models include extra source terms, as well as damping functions and
closure coefficients. The source term for the Launder—Sharma version [4] of the k—e model is
written as

- 0 3
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0
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ou;
T 6xj_p€
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and the terms € and E are defined as
a k 2 52 2
Y (N Y A (10)
P\ 0x; P~ \0xkx;

where n is the distance from the wall and p is the laminar viscosity. The eddy viscosity is
calculated by

kZ
/’ll:pf,uc/l ?9 (11)

and the damping functions f;, /> and f, are calculated from

. L 150y k>
fi=1, fi=1— 0.367&%, fo= o~ 341+ Rey[50)° Re, :,07. (12)
u
The closure coefficients take the values
CEl = 1.44, C62 =192, C,=0.09, 0,=10, o.=123. (13)
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According to this model, the wall boundary conditions for k& and € are
k,=0, €, = €. (14)

To improve the model predictions in separated flows, the so-called Yap-correction term [3],
YC, has been included in the e-equation

~2 2
YC=0.83€<1— 1><l>, (15)
k \cy cy

where / is the turbulence length scale and ¢, = 0.089.
The k—m model [6] has also been employed and the source term, in this case H,, is written
as

- 0 R
0
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H,=J 16
0 (16)
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The turbulent viscosity is calculated by
k
=o* 2 (17)
)
while the model’s coefficients are
3 9 5
ﬂ 40a ﬁ 1003 o 95 o s Oy s () ( )
The wall boundary conditions for k and w are
19 v
k*:()a w= wa 19
. 0= 50 19)

where y, is the distance from the wall of the first grid point.

2.3. Characteristics-based method for turbulent flows

The characteristics-based method is a linear Riemann solver for the calculation of the
conservative variables along the characteristics (see Figure 1). This method was first presented
by Eberle [24] for the compressible Euler equations and was extended by Drikakis et al. [25,26]
to solve the incompressible Navier—Stokes equations. The inviscid equations are split into two
one-dimensional equations.

U[ = Ainv Uf = 0, Ut + Cinv Ug = O. (20)

The above equations are used to obtain algebraic relationships for the conservative variables
as functions of their values on the characteristics. In this paper, only the extensions of the
method due to the incorporation of the convection terms of the turbulence transport equations
are presented. For more details on the discretization of the inviscid fluxes of the incompressible
and compressible Navier—Stokes equations, the reader is referred to References [24-26].
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Following Eberle [20,24], the system of the one-dimensional equations can be expanded in
terms of the non-conservative variables p, u, w, p, k, ¢. In this expansion, the characteristic
values (denoted below by the subscript /) are also introduced.

The use of the non-conservative variables was chosen because it simplifies the derivation of
the expanded form of the one-dimensional equations. The expanded form can be written as
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Figure 1. Schematic representation of the one-dimensional characteristic flux extrapolation and control volume
notation.
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and the eigenvalues 4,, 4, and 4, are defined as
],OZUX‘FW)Z, Aﬂ.l 220+S, },2=/10—S, (23)

where s is the speed of sound. Similar to the case of the Euler equations [20,24], the following

formulae can be derived for the quadruple eigenvalue A,
(P —po) —5*(p — po) =0
w—w)X—(u—uy)Z=0

ek (24)
— "o
b =1¢o
and for the eigenvalues 4, and 4,
»—po) + ps[Z(u—u) + X(w—w)]=0 25)

(P —po) + ps[Z(u—u,) + X(w—w,)] = 0

Equations (24) and (25) are transformed into the conservative variables using the following
formulae

Al —ulAp; A, —wAp,
Ay =BT ARy, AL WA,
i >+ w?) " (26
Ap;,=(y— 1)[Aej+2Apj— ull,—wAny; — Amj],
AkizAmj_kApj, A¢j=Arj_¢Apj,
' Pj Py
where
lj:(pu)jy ”j:(pw)ja mj:(pk)js rj:(p¢)js j=0,1,2, (27)

and the index j denotes the three characteristics. After some mathematical operations, the
following formulae for the conservative variables are obtained

p=pot R+ R,
I=1y+ W+ sX)R, + (u—sX)R,,
n=no+Ww+sZ)R, +(w—sZ)R,,

28
e=eq+ (H+ sly)R, + (H— s2y)R,, (28)
m=my,—kR, —kR,,
r=ro—¢R — R,
where H is the enthalpy of the fluid and the terms R, and R, are given by
1 —1
Ri=55 {(pl - po)[y S ) = szo] + (= lsX —u(y = 1]
+ (1 = nlsZ —w(y — DI+ (e; — eo)(y — 1) — (m; — mo)(y — 1)}, (29)
1 y—1 ,
Rzzﬁ (p2— Po) 3 W +w?) + sk | — (L —L)sX +uly—1)]
— (12 = nlsZ +w(y — D]+ (e — eo)(y — 1) — (my — mo)(y — 1)} (30)
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80 G. BARAKOS AND D. DRIKAKIS

The characteristic values at the cell faces are calculated by a five-point upwind extrapolation
scheme [18,24] The relationships in Equation (28) are used for the calculation of the
conservative variables at the cell faces and, subsequently, for the discretization of the inviscid
fluxes.

2.4. Implicit unfactored method

The time integration of the Navier—Stokes and turbulence model equations is obtained by
an implicit unfactored method [15] which allows high CFL numbers to be used. The implicit
unfactored discretization of the governing equations is combined with Newton subiterations
and point-by-point Gauss—Seidel relaxation (IUNGS method) which provides high efficiencies
in both vector and parallel computations [21,22].

According to the IUNGS method, Equation (1) is written as

Un+1 —_yu
" +Ezv+l+G?+1=RE+1+S?+1+HZ,+1—|—HZ+I. (31)
The inviscid and viscous fluxes are linearized around the time level n
0E \" oG\
E'tl=E" — | AU, Gl =gG" — | AU, 32
+<6U> : +<6U) , 32)
OR\" oS \"
R'*1=R" — | AU, Sr+l=gn — | AU. 33
+<6U> . +<5U> ) (33)
where
AU=U"+'-U", (34)

while the numerical treatment of the source terms is discussed in Section 2.5. Using the above
relationships, Equation (31) is written as

AU
S 4 (A8 AU). + (ClAU), — (A7 AU) — (C1AU), + SC = RHS, 35)

inv inv vis'
At

where SC are contributions from the linearization of the source terms (see Section 2.5). The
right-hand side (RHS) terms are

RHS = — (E" + G — R:— S%— H', — H") (36)
and
OFE 0G OR 0S
A =—, C.,=— Ap=—, C,=— 37
mv a U’ mv a U! VIS a U’ V1S 6 U ( )

are the Jacobians of the inviscid and viscous fluxes.

A Newton-type method can be obtained if a sequence of approximations' ¢", such that
lim,_, ¢"— U"*!is defined between two time steps n and n + 1, respectively. Equation (35) is
rewritten as

v+ 1 n

U'—q
+ (A :lnqu)i + (C:lnqu)g“ - (A cisAq)f - (CclsAq)C = At

vV

Ag
At

where

+ RHS, (38)

! ¢ denotes the conservative solution vector U at each Newton subiteration.
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qv+1:qv+Aqv+l. (39)

The superscript v denotes Newton subiterations. On the left-hand side (LHS) of Equation
(38), thin-layer viscous Jacobian matrices have been used instead of full ones. Numerical
experiments have shown that for steady flows, the number of iterations remains the same if the
full Jacobians are used [17,18]. The inviscid Jacobians, A and C, are written in terms of their
eigenvector and eigenvalue matrices, e.g.

Apy=TAT !, (40)

where A is the eigenvalue matrix and 7, T~' are the left and right eigenvector matrices,
respectively. These are 6 x 6 matrices, including the contributions from the turbulence model
equations. The Jacobian and eigenvector matrices are given in the Appendix A. The terms
(A5, AU):, (Ch AU), and (A5,AU),, (CAU), are discretized up to second-order of accuracy;
e.g. the left-hand side terms in the ¢-direction are discretized as

(A5AG): — (A%AG) e = (A5 AG); 1 104 — (AinAG)i — 12k
— (A% (Ag; — 14— 2AG10 + AG; 114, (41)
where the superscript v+ 1 has been dropped from Ag for simplicity. In the above
(ABAD) 1 =(TATT ), k(A ok + (TAT T )01 04 (DD 1 2
(A8AG); 1p=(TATT ), (A ok H(TAT T, i (AQ) 7 1o

where AT =max(0, A) and A~ =min(0, A) are the diagonal matrices of the positive and
negative eigenvalues of 4,,,, respectively. The differences Ag T and Ag~ are defined at the cell
faces as

Agit, 12 = PAq;+ (1 —p)1.5Aq;—0.5Aq; ), Aq;, 12 = Ag; iy,
Aq;—1p=PAgi+ (1= F)(1.5Aq;—0.5Ag; 1), Ag;” 1o =Ag; .,
where f is a sensor function defined by the maximum of the eigenvalues at the cell faces. To

further improve the efficiency of the implicit solution, Gauss—Seidel relaxation is employed
and Equation (38) is written for each computational cell (i, k) as

42)

U" — qv

At
(DIAG)}, is a 6 x 6 matrix including the diagonal elements of the eigenvalue-split inviscid
Jacobians, the viscous Jacobians and the term I/At. (ODIAG),, includes the off-diagonal
elements and is a function of AU, 4, AU,_i, AU 1, AU 1. Four Gauss—Seidel steps
(u =4) and two Newton subiterations (v = 2) are performed. The time step A¢ is calculated by

FL
At = c (44)

[max|i, ] + 252 (€34 €2+ 3403

(DIAG);Agly" " = — w*(RHS); + (ODIAG) + (43)

The under-relaxation parameter w* is used to compensate for the different orders of accuracy
between the LHS and the RHS. The values of the underrelaxation parameter are: w* =0.3, 0.6
and 0.1 when the RHS is of third-, second- or first-order of accuracy, respectively. The value
of w* =0.5 has been used in this study. The CFL number can take values up to 60 when the
implicit-coupled implementation is used.

For multidimensional problems, the matrix (DIAG);, has zero or negative diagonal elements
and is, therefore, ill-posed for Gauss-elimination. To recover high values of the CFL number,
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preconditioning is performed on each Gauss—Seidel subiteration [20,24]. The conservative
vector Ag is multiplied by the Jacobian, M = dq*/dq before the Gauss-elimination

(Ag)* i = M(Ag)it, (45)

ik ik

where ¢* = (p, u, w, p, k, ¢)” is the vector of the non-conservative variables. After every
Gauss-elimination, the solution is again converted to the vector Ag by multiplication with the
matrix M~ = 0q/dq*.

The implicit-coupled implementation can be applied to different versions of the k—e model
by changing the damping functions, closure coefficients and boundary conditions only. The
Jacobians in the implicit part of the algorithm remain unchanged for all two-equation
turbulence models.

2.5. Implicit treatment of the source terms

Considering the equation

oU
EZHE H(U, U, U,), (46)
where
pk Hk
U= H= , 47
(e #=(r) @
then the following time discretization can be obtained,
U"+1=Un+Al‘Hn+l. (48)
After linearization of the matrix H"+!,
0H
Hn+l:Hn - Un+1—U”, 49
+ aU( ) (49)

Equation (48) can be written as

oH
Ut — U I—At— | =AtH". 50
o1 o
Stability analysis of Equation (46) shows that the implicit discretization (50) is unstable if
H > 0. Hence, only negative terms can be moved to the LHS of Equation (50) and as a result
to the LHS of Equation (43).

For the case of the k—e turbulence model, the negative source terms are of the form

. (pé)?
H,= —pé, H.= —Cofa— (51)
pk
Using the relation x, = C,f,((pk)?/pé), the above relations are written as
(pk)? (pé)’
Hk: - C/4 o 1, > H€: - CeZJ{Z (pk) (52)
The Jacobian matrix 0H/0U is given by
C
oH — 2ﬂ (pk) 0
YT Hy ~\2 ~ (53)
ou P e e
€2, Z(pk)z €2, 2pk
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and its diagonal elements are added to the (DIAG)}, term of Equation (43) in order to increase
the diagonal dominance.
The source term accounting for axisymmetric flows is written as

G s
H, = J< ——+—+0,0,p =17, 0,0, 0)T> + HE (54)

The matrix S is defined similar to the flux S with the only difference being that the
components of the stress tensor 7; are expanded to an axisymmetric co-ordinate system. The
axisymmetric stress components are given by

o e(304 20w 2wy 2 ., _ k(40w _20u 2w\ 2 .
=M\ T30z 3z) 3P ETHA3 L T30y 3z2) 3P%

00 =H\3, 7 3\ox " oz 3P0 I TR T )

where u* = u+ p,. In the computational code, the velocity derivatives are also expanded to
curvilinear co-ordinates, e.g.

fu_aude o
ox 0fdx AL ox

The above tensor components can also be rewritten using their Cartesian counterparts as

19 =t + k _%K t9 =t + * _gE
xx T fxx /,l 32 H zz = ‘tzz /'l 32 s (56)

00 = M 3 z 3 ax (‘jZ ] xz = fxz 7 fzxe

The matrix H"™ originates from the axisymmetric contribution of the stresses into the viscous
fluxes and is considered here separately in order to explain its numerical implementation

(55)

s s 0 3 s 0 N )
2w 0
T3 20
Hextra - J 0 J 3 z
A 66 éx 2 w . + éx 2 W2
—uz—p -3 M
3 3z
0 0
~ ~ 0 J - 0 J J
s s 0 3 s 0 N Y
2w 0
T3k 2w
+ = J(x +JCX z
e 2V . 2w?
—HuzTH 37K (57)
0 0
- - 0 J ~ 0 J o J
The term H, can also be written as
H,=HY + HP + H5™, (58)
where
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[ ow ) [ 0 )
pouw Ly
. J 2 o J 2
HY= —- pwEp , HYP=- lzz_l(m—*,u*K
z | (e+p)w z 3 22 5
pwk R A T >9)
~ ,OWQb < ,u—f—& %
o) 0z
0
o5
L oy) 0z )
The terms H' and H' are linearized, similar to the fluxes, around the time level n + 1
) ) aHinv
(Hl/;w)njtl _ (Hl/r‘lv)n + a(; (Un+l _ Un), (60)
, 4 OHs
(Y = (3 + =2 (U = ), (61)

The Jacobians 0H$Y/0U and 0HY*/0U are defined on the centroids (i, k), and therefore,
contribute to the diagonal elements (DIAG);, of the matrix inversion in Equation (43). If the
term HS'™ had also been linearized, then, due to the presence of spatial derivatives in
Equation (57), the elements of the Jacobian 0H¢"*/0U would contribute only to the off-diag-
onal elements, (ODIAG){}, of the matrix inversion in Equation (43). Therefore, in the present
study, the term H$'™ was not linearized and was simply added as source to the RHS
(Equation (36)).

Moreover, it was found that the implicit treatment of the axisymmetric terms only slightly
influences the numerical convergence. Therefore, the additional CPU time required to compute
and add these terms to the diagonal elements (DIAG)}, balances the slight reduction, if any at
all, in the number of iterations. There is a fundamental difference between the treatment of the
sources for the turbulence model and those due to the axisymmetric formulation. Turbulence
model source terms are mainly responsible for the stiffness of the final system of equations.
This is the reason why linearization of these terms was found to have a positive influence on
the rate of convergence. The source terms due to the axisymmetric formulation have small
values on the LHS (zero for planar cases) and, subsequently, have no significant influence on
the performance of the implicit method.

2.6. Implicit-coupled, implicit-decoupled and explicit strategies

The objective of the present work is to extend an implicit unfactored method to the coupled
solution of the low-Re model and Navier—Stokes equations. This method is henceforth labeled
implicit-coupled scheme. The efficiency of this method is verified in contrast to implicit-decou-
pled and explicit schemes.

In the implicit-decoupled scheme, the implicit solution is only used for the fluid-flow
equations, while the turbulent transport equations are solved by the Runge—Kutta explicit
scheme. Furthermore, one may adopt the Runge—Kutta scheme to solve both the fluid-flow
and turbulent-flow equations. This third alternative will henceforth be labeled explicit-scheme.

In the present work, the Launder—Sharma k—e and the k—w models have been implemented
in conjunction with the implicit and explicit solution procedures.
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Figure 2. Schematic for the axisymmetric bump geometry.
3. RESULTS

3.1. Description of the flow case

The flow over an axisymmetric bump geometry (Figure 2) has been selected for the
validation of the implicit method and turbulence models. For this geometry, experimental
measurements for the wall pressure distribution, as well as the velocity, turbulent shear stress
and turbulent kinetic energy profiles at various x/c locations, have been performed by Johnson
et al. [27]. Furthermore, numerical results have been reported by other researchers [12,18,27]
using different computational methods and turbulence models than the present ones.

The experimental results by Johnson et al. [27] correspond to M_ = 0.875 and Reynolds
number per unit length, Re m ! = 13.6 x 10° m ~!. All lengths have been non-dimensionalized
using the bump’s length, c.

Three computational grids, 40 x 20, 80 x 40 and 160 x 80, respectively, have been used and
details for these grids are given in Table I. The second grid (G2) is comparable with that used
by Sahu and Danberg [12]. The third grid (G3) is similar to that used by Drikakis and Durst
[18]. The grids G2 and G3 correspond to y* ~0.5 and y* ~0.1, respectively. A partial view
of the finest grid is shown in Figure 3. The third grid was sufficient to obtain a grid-indepen-
dent solution.

3.2. Implicit-coupled versus implicit-decoupled and explicit schemes

The convergence histories for the conservative variables are shown in Figure 4 for the k—¢
and k—w models using the implicit-coupled method and the finest grid. All results were
obtained on a HP 9000/735/99 workstation using double precision computer arithmetics.

Table 1. Finite volume grids used in the calculation

Grid Computational Minimum and Minimum and Distance from the
volumes maximum maximum wall of the first
x-co-ordinates z-co-ordinates grid node
Gl 40 x 20 —5/5 3.4/4 5x 10773
G2 80 x40 —5/6 3.4/4 1x10~3
G3 160 x 80 —6/6 3.4/4 1x10-°
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Figure 3. Partial view of the finest computational grid (G3).

About 500 work-units (one work-unit represents a minute of CPU time) are needed to reduce
the norm of error less than 10 ~* with the implicit-coupled solver and the k—w model. In these
Figures, the maximum normalized changes of the conservative variables are plotted. The k—w
model requires less work-units than the k—e model to obtain the steady state solution. The
different convergence behavior between the two models is due to the boundary condition for
. Wilcox [7] reported that the boundary condition for w has a stabilizing effect on the
convergence of numerical schemes.

Figure 5 compares the convergence of the implicit-coupled strategy with the implicit-decou-
pled and explicit schemes. The maximum error in the sum of all fluxes over all computational
cells is used as an indicator of convergence. For both turbulence models, one may see that the
implicit-coupled solution requires less work-units than the explicit scheme and almost half of
the work-units of the implicit-decoupled solution.

The work-units required for a steady state solution using different solution strategies are
presented in Table II. From this table, one can see that the efficiency of the implicit-coupled
solver is greater than that of other schemes. Even though at each time step the implicit solution
requires extra computing effort to invert the 6 x 6 system of equations, less iterations are
required in comparison with the implicit-decoupled and explicit schemes. The work-units
required for the solution of the same problem using the Baldwin—Lomax algebraic turbulence
model are also given. The solution using low-Re two-equation turbulence models requires
almost double the work-units.

3.3. Comparison with experimental data and numerical solutions

Results for the shock wave location are given in Table III. The prediction of the shock
location using the Launder—Sharma k—e model are closer to the experimental results by
Johnson et al. [27] as well as the numerical predictions of previous studies [12,18]. The k—w
model shifted the shock location upstream. The same behavior was also reported by Johnson
et al. [27] in their numerical calculations with the k— model.

Calculations using three computational grids were carried out in order to verify the
grid-independent solution. Large differences were found between the grids Gl and G2.
Comparison of the surface pressure distribution on grids G2 and G3 are shown in Figures 6
and 7 for the k—e and k—w models, respectively. Calculations using finer grids showed that G3
is sufficient to obtain a grid-independent solution.
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Figure 4. Convergence histories for the Launder—Sharma k—e and k—w models using the grid G3: (a) density and
energy, (b) velocity components, (c) pk, pe and pw.

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 73-94 (1998)



88

G. BARAKOS AND D. DRIKAKIS

The surface pressure distributions obtained by the k—e and k—w models were compared
with the numerical results by Sahu and Danberg [12] and Liou and Shih [11], as well as
with experimental data by Johnson et al. [27]. The comparisons are shown in Figures 6 and
7 for the k—e and the k—w models, respectively. Better results are obtained using the
Launder—Sharma k—e model, while the k—® model seems to overestimate the pressure
values downstream of the shock. The present results are in better agreement with the
experimental than the numerical predictions obtained in References [11,12] using Chien’s

k—e turbulence model.
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Figure 5. Convergence histories (on grid G3) for (a) the Launder—Sharma k—e model, and (b) the k—® model, using
the implicit-coupled, implicit-decoupled and explicit schemes.
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Table 1I. Work-units for steady state solution using the k—w model*

Grid Implicit-coupled Implicit-decoupled Explicit
Gl 51.7 (10.8) 60.48 76.9
G2 163.2 (105.0) 436.8 661.05
G3 971.1 (616.5) 1792.7 8597.2

4 Numbers in brackets refer to the calculation with the Baldwin—-Lomax algebraic
turbulence model.

Table III. Comparisons between present results, experimental data by Johnson
et al. [27] and past numerical results [12,18], for the shock-wave location

Reference Shock position x/c Turbulence model
Experiment ~0.7

Present work (grid G3) 0.70 Launder—Sharma k—e¢
Present work (grid G3) 0.65 k-

Drikakis and Durst 0.69 Baldwin—Lomax
Sahu and Danberg 0.7 Chien’s k—¢€

Comparisons with the experimental results for the velocity, turbulent kinetic energy and
turbulent shear stress profiles are given in Figure 8. The velocity predictions are better for the
k—e model (Figure 8). For both models, the predictions of the turbulent shear stress show
reasonable trends only upstream and downstream of the shock. Large discrepancies occur in
the region near the shock wave. Comparing the results of the two models (Figure 8), it is not
obvious which model gives the best results for the turbulent shear stress. The results for the
turbulent kinetic energy (Figure 8) show again that in the regions where no separation occurs,
the predictions are in better agreement with the experimental data. Past numerical studies
using different models and methods have revealed the same behavior [12,18].

4. CONCLUSIONS

Implicit unfactored implementation of low-Re two-equation turbulence models in conjunction
with a characteristics-based method for compressible flows was presented. The validation of
the method has been obtained by comparisons with experimental and numerical results
appearing in the literature. The present method has also been assessed in contrast to decoupled
and explicit solution strategies. The implicit unfactored method has been applied for both the
k—e and k—w models. From this study the following conclusions can be drawn:

1. The coupling of two-equation turbulence models with the Navier—Stokes equations using
the present implicit unfactored scheme results in robust numerical solutions in turbulent
compressible flows. The implicit coupling of the turbulence model and Navier—Stokes
equations results in more efficient solutions compared with the implicit-decoupled and
explicit ones.

2. Little effort and minor modifications are required to implement other versions of the k—e
or k—w models in the existing implicit-coupled solver.

3. The Launder—Sharma k—e model with the Yap-correction predicts better the boundary
layer separation than the k—w model. However, different versions [7,8,28] of the k-w
model have also to be investigated in order to confirm this conclusion.
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4. The calculations showed that the k—w model gives faster solutions than the Launder—
Sharma k—e model.

The extension of the implicit method in conjunction with Reynolds stress and non-linear
eddy viscosity models for both steady and unsteady flows, is in progress and results will be
presented in a future paper.
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Figure 6. Comparison between the present results using the Launder—Sharma k—e model, the experiments by Johnson
et al. [27] and simulation results by Liou and Shih [11] for the surface pressure distribution over the axisymmetric
bump.
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Figure 7. Comparison between present results using the k— model, experiments by Johnson et al. [27] and simulation
results by Liou and Shih [11] for the surface pressure distribution over the axisymmetric bump.
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Danberg [12] for the velocity, turbulent shear stress and turbulent kinetic energy profiles.
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APPENDIX A. JACOBIANS OF THE INVISCID FLUXES

The Jacobian matrices of the inviscid fluxes £ and G are given by

OE oE oG
A=—=J|— — ¢ 2
U J(augﬁaU@)’ 62)
oG oE , oG
C=6U=J<8U£X+6U(Z>. (63)
The Jacobian A = 0E/0U of the Cartesian flux E, as well as the corresponding eigenvector
matrices T (’lnd T—! are given below N
0 1 0 0 0 0
5
Oy—D—u? BG—yu —@-Dhu y-—1 <3—V> 0
A= —uw w u 0 0 01, (64)
Ay A —(@—Duw  yu <§ — y)u 0
—uk k 0 0 u 0
— ué é 0 0 0 u
where L <
~ 5 eu
A41=2(V—1)Qu—uk<3—y>—yp (65)
and

A= () k(3= ) -0 n (210 (66)
p 3 2

The eigenvector matrix 7 is

-
|_Q0—1 (7= Du G=bw =1 _1/5 '
52 52 52 52 s2\3 l
0
—us+Q(y—1) s—@—Dbu —@-Dw y—-1 (5/3)—7y
w 1
- = 0 - 0 0 0
T= p p 5 (67)
us+ Q0@ -1 —s—@—Du —(@—Dw y <3—V> 0
_k 0 0 0 1 0
P P 1
€ 0 0 0 0 P
P
N\ J

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 73-94 (1998)



IMPLEMENTATION OF TWO-EQUATION TURBULENCE MODELS 93

and T~ ' is
- 3
1 1
1 75 0 752 0 0
w1 w1
F-i—| " 2527 2s 0 2272 0 0 , (68)
wo w/2s?) p w/@2s> 0 0
Ta' Tn' pw T T 0
k k 0 i 0
? 2S2 P
. € é
— 0 — 0
L€ 25> 242 P
where
~ k (5
Ta'=0+——(3—-7) (69)
y—11\3
.0 ko /5 u 1
o= (2 ) 8y 70
R TR Ty S vEL Rl R P To (70)
~ 0 k 5 u 1
Tal=o (2 ) 71
“ =0 - \3 ) T s T Z 1y 7
~ p (5
T 1 _ — 2
45 y— 1 (3 >9 (7 )

and s is the speed of sound, which for an ideal gas is given by

s = ﬁ, (73)
0

Q is the kinetic energy of the fluid per unit mass
u?+w?

: (74)

0=

Similar relations can be extracted for the Jacobian C.
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